Epigenetic states defined by chromatin can be maintained through mitotic cell division. However, it remains unknown how histone-based information is transmitted. Here we combine nascent chromatin capture (NCC) and triple-SILAC (stable isotope labeling with amino acids in cell culture) labeling to track histone modifications and histone variants during DNA replication and across the cell cycle. We show that post-translational modifications (PTMs) are transmitted with parental histones to newly replicated DNA. Di-and trimethylation marks are diluted twofold upon DNA replication, as a consequence of new histone deposition. Importantly, within one cell cycle, all PTMs are restored. In general, new histones are modified to mirror the parental histones. However, H3K9 trimethylation (H3K9me3) and H3K27me3 are propagated by continuous modification of parental and new histones because the establishment of these marks extends over several cell generations. Together, our results reveal how histone marks propagate and demonstrate that chromatin states oscillate within the cell cycle.
Local chromatin environment is a major determinant of gene expression and underlies epigenetic phenomena such as X inactivation, gene silencing, and centromere function. Chromatin states can thus be maintained through cell division but, at the same time, must be sufficiently plastic to allow programmed changes in transcription patterns during development. Aberrant epigenetic regulation is prevalent in complex diseases, and cancer cells typically show widespread chromatin alterations. Thus, defining the mechanisms underpinning the propagation of chromatin states is important for understanding cellular memory and disease.
Histones are highly decorated with post-translational modifications (PTMs) that can directly affect chromatin accessibility or serve as a recognition site for specific proteins. Some histone marks are closely linked to gene activation, and others are required to maintain silencing (Kouzarides 2007; Pengelly et al. 2013 ). In addition, histone variants occupying distinct genomic regions also define chromatin structure (Skene and Henikoff 2013) . For example, histones H3.3 and H2A.Z generally demarcate dynamic sites with high nucleosome turnover. During DNA replication, nucleosomes are disrupted ahead of the replication machinery and reassembled on the two newly synthesized DNA strands by the recycling of old histones and incorporation of new largely unmodified histones (Annunziato 2005; Probst et al. 2009; Margueron and Reinberg 2010; Alabert and Groth 2012) . The recycling of modified parental histones offers an attractive epigenetic mechanism, as it ensures that histone marks are kept at their correct location on newly replicated DNA. Moreover, parental histones may also serve as a blueprint to modify neighboring new histones, given that modifications like H3K9 trimethylation (H3K9me3) and H3K27me3 can recruit their cognate enzyme and potentially be self-propagating (Aagaard et al. 1999; Hansen et al. 2008; Margueron et al. 2009 ). However, paradoxically, for several key modifications, mass spectrometry analysis showed that new histones had not acquired modifications to become identical to the old parental histones in the G1 phase of the next cell cycle (Scharf et al. 2009; Sweet et al. 2010; Xu et al. 2012) . Besides, recent work in Drosophila embryos challenges the paradigm that histone marks are transmitted with the parental histones by suggesting that the marks are erased (Petruk et al. 2012 (Petruk et al. , 2013 . Thus, it remains unclear how histone PTM levels are restored after DNA replication to propagate epigenetic states through multiple rounds of cell divisions.
Results and Discussion
Histones are recycled with their PTMs at replication forks We tracked newly synthesized and parental histones by quantitative mass spectrometry immediately after their deposition behind the replication fork using nascent chromatin capture (NCC). In NCC, biotin-dUTP labeling of newly replicated DNA and cross-linking of associated proteins allow the isolation of nascent chromatin (Supplemental Fig. S1A,B ; Alabert et al. 2014) . We combined NCC with pulsed SILAC (stable isotope labeling with amino acids in cell culture) to differentiate newly synthesized histones (heavy) and old recycled histones (light) ( Fig. 1A ; Scharf et al. 2009 ). The nascent chromatin purified by NCC contained approximately equal amounts of new and old histones (Fig. 1B) . The slight overrepresentation of old histones likely reflects a contribution of recycled light amino acids during histone biosynthesis (Scharf et al. 2009; Xu et al. 2012; Zee et al. 2012) . Thus, chromatin is reassembled by a combination of recycled parental histones and newly synthesized ones.
New and old histones remained markedly different within the first minutes following their assembly on newly replicated DNA ( Fig. 1C; Supplemental Fig. S1C ). Old recycled histones presented a large variety of PTMs, including mono-, di-, and trimethylation ( Fig. 1D,E) . Importantly, no marks were underrepresented on old histones in nascent chromatin compared with the whole genome (Supplemental Fig. S1D ), arguing that histone marks are efficiently transmitted during DNA replication. Thus, in human somatic cells, there is no global replication-coupled erasure of parental histone PTMs, as proposed for Drosophila embryos (Petruk et al. 2012 (Petruk et al. , 2013 . New histone H4 showed high levels of diacetylation ( Fig. 1F ; Supplemental Fig. S1C ), a hallmark of newly synthesized histone H4 (Sobel et al. 1995; Loyola et al. 2006; Jasencakova et al. 2010) . New histone H3 carried H3K14ac, H3K18/K23ac, and H3K9me1 at levels closely mirroring the modification pattern of soluble histone H3 in predeposition complexes (Supplemental Fig. S1C ; Loyola et al. 2006; Jasencakova et al. 2010) , suggesting that these PTMs are maintained within the first minutes of incorporation. Notably, there is no enrichment of H3K56ac in the predeposition complex (Jasencakova et al. 2010) or in nascent chromatin (Supplemental Fig. S1C ), arguing against a general function of this modification in chromatin assembly in human cells.
New histone H3 also carries modifications that were not present in predeposition complexes: K27me1 (8%), K36me1 (4%), and K27me2 (3%) ( Fig. 1E ; Supplemental  Fig. S1C ). This suggests that these methylations are thus the first ones to be imposed on new histones after deposition onto newly replicated DNA. To confirm that H3K27me1 was imposed on new histones in nascent chromatin as also suggested previously (Benson et al. 2006) , we blocked the production of new histones using cycloheximide treatment and measured H3K27me1 levels by NCC (Supplemental Fig. S2A ). We found that H3K27me1 levels were reduced upon cycloheximide treatment, consistent with rapid acquisition of H3K27me1 on new histones (Supplemental Fig. S2B-E) . We next performed similar experiments in early and late S phase in order to test whether our conclusions can be extended to all stages of S phase (Supplemental Fig. S3A ). Indeed, since euchromatin is preferably replicated in early S phase and heterochromatin is preferably replicated in late S phase, it has been suggested that chromatin assembly may differ during S phase (Taddei et al. 1999; Zhang et al. 2002) . We found that histone PTMs in nascent chromatin were largely . Error bars indicate SD. 3 < n < 9. Unpaired t-test: ( * * * ) P < 0.001; ( * * ) P < 0.05; (n.s.) nonsignificant. similar in early and late S phase (Supplemental Fig. S3B -D). However, K27me1/36me1 was increased, and H4 diacetylation was reduced on new histones incorporated in late S phase (Supplemental Fig. S3B ). These observations, together with previous work (Taddei et al. 1999; Zhang et al. 2002; Lande-Diner et al. 2009 ), suggest a faster onset of silencing in late S phase.
H2A.Z domains are challenged by the passage of replication forks
In parallel, we explored the maintenance of histone variants during DNA replication. We used unique peptides to differentiate the canonical histone H3.1 from the variant H3.3 and the canonical histone H2A from the two variants H2A.X and H2A.Z ( Fig. 2A) . We found that H2A.X and H3.3 were equally as abundant in newly replicated chromatin as over the whole genome (Fig. 2B,C) , arguing that they are not lost during replication. Indeed, analysis of old histones revealed that H2A.X and H3.3 are efficiently recycled at replication forks (Supplemental Fig. S3E ). However, newly replicated regions were depleted for the histone variant H2A.Z (Fig. 2D) . The low abundance of H2A.Z on newly replicated chromatin was not due to the particular composition of the replicated region, since we observed the same trend in early, mid, and late S phase (Fig. 2D ). H2A.Z domains are thus challenged by the passage of replication forks. In-depth analysis of old and new histones showed that H2A.Z loss is the result of both inefficient recycling and lack of new deposition (Supplemental Fig. S3E,F) . Notably, H2A.Z levels increased within the next 10 h (Fig. 2E) , consistent with replication-independent assembly (Luk et al. 2010; Nekrasov et al. 2012) . Altogether, our data demonstrate that histone variants are not recycled with similar efficiency at replication forks and that H2A.Z marked sites may not be maintained after DNA replication.
Histone PTM levels are restored by two distinct modes Histone PTM levels must be maintained across the cell cycle (Probst et al. 2009; Margueron and Reinberg 2010; Alabert and Groth 2012; Zee et al. 2012) . Previous analysis using SILAC labeling to differentiate new and old histones as well as methylation kinetics in total chromatin found that modification of new histones is a slow process extending into the next cell cycle (Pesavento et al. 2008; Scharf et al. 2009; Sweet et al. 2010; Xu et al. 2012; Zee et al. 2012) . However, full restoration of the prereplication chromatin state could not be monitored, most likely due to limitations associated with analyzing total chromatin. Therefore, the mechanisms of restoration remain unclear. We thus investigated the kinetics of PTM establishment on new histones from the moment of their deposition and across several cell generations by combining NCC with double-pulsed (Supplemental Fig. S4A ) and triplepulsed (Supplemental Fig. S5A ) SILAC. The triple-pulsed SILAC allowed us to follow one generation of histones through several cell cycles (Supplemental Fig. S5B,C) . Using the PTM level of the parental histones as an indicator of the prereplication state, we found that most methylations marks were diluted by twofold immediately after replication (Fig. 3A, 0 h; Supplemental Fig. S5D ). However, within one cell cycle, the level of all PTMs was fully restored (Fig. 3A, 24 h; Supplemental Fig. S5D ). Thus, in this system, we can address how PTM levels are maintained across the cell cycle.
We next examined the PTM levels on new and old histones during the maturation process. Since high histone turnover at gene bodies and regulatory elements was suggested to impact histone PTM maintenance (Deal et al. 2010) , we first estimated the histone turnover in our system. We detected a turnover rate of ∼0.4% histone H4 per hour (Supplemental Fig. S5C ), likely having a limited role in histone PTM maintenance for the replicated regions examined in our study. We found that for the majority of the histone PTMs, the prereplication level was restored by gradual modification of new histones until they became identical to the old histones ( Fig. 3B; Supplemental Fig. S6A ). Depending on the modification, the kinetics of PTM establishment varied from 2 to 24 h ( Fig.  3B,C ; Supplemental Figs. S4B-E, S6A), arguing against a general rapid replication-coupled restoration of histone PTMs. Notably, H3K9me3 and H3K27me3 remained underrepresented on new histones after 24 h (Fig. 3D) , supporting previous findings (Xu et al. 2012 ) and indicating that restoration of these marks must occur by a different mechanism. Consistent with this, we found that both new and old histones acquired H3K27me3 and H3K9me3 ( Fig. 3E ; Supplemental Fig. S6B ), together restoring the prereplication PTM level (Fig. 3A) . This provides direct evidence for the model proposed by Zhu and colleagues (Xu et al. 2012; Huang et al. 2013 ) and argues against a simple copy-paste mechanism for propagation of histone PTMs. Strikingly, the addition of these trimethylation marks continues for up to three cell generations after histone incorporation ( Fig. 3E ; Supplemental Fig. S6B) , and, consequently, H3K9me3 and H3K27me3 accumulate with histone age. Altogether, our findings define two distinct modes of PTMs maintenance: (1) For most PTMs (Fig. 3B) , levels are maintained according to the simple paradigm that new histones acquire modifications to become identical to the old ones. (2) H3K9me3 and H3K27me3, marks central for cellular memory (Kouzarides 2007; Probst et al. 2009; Margueron and Reinberg 2010; Apostolou and Hochedlinger 2013) , propagate by continuous modification of both new and old histones.
Cell cycle withdrawal impacts histone PTM levels
Collectively, our data argue that due to replication-coupled dilution of histone PTMs, chromatin states oscillate within the cell cycle. We thus investigated how active cycling impacts histone PTM levels. First, we blocked cells by nocodazole (Supplemental Fig. S7A ) to determine whether PTM establishment on new histones requires passage through mitosis, as shown for incorporation of the histone variant CENP-A (Silva et al. 2012) . We found that H3K9me3 and H3K27me3 acquisition was impeded in nocodazole ( Fig. 4A; Supplemental Fig. S7B ), suggesting that cell cycle regulation partly accounts for the slow establishment of these marks. Next, we tested whether exit from the cell cycle impacts histone methylation levels, as predicted from (1) the continuous PTM dilution in proliferating cells (Fig. 3A) and (2) the fact that older histones in general show a higher methylation state than new ones ( Fig. 3E; Supplemental Fig. S6B ). We used primary human TIG-3 fibroblasts to compare histone methylation levels in proliferating and G0-arrested cells ( Fig. 4B ; Supplemental Fig. S7C ). H3K9 methylation did not accumulate further in G0-arrested cells, suggesting that accumulation of this modification requires an S-phase arrest as previously reported (Di Micco et al. 2011; Xu et al. 2012) . However, for several other methylation marks, including H3K27me2/3, H3K79me1/me2, and H4K20me2/me3, withdrawal from the cell cycle was indeed accompanied by a significant increase ( Fig. 4B; Supplemental Fig.  S7D ). This suggests that histone PTM levels and possibly the stability of chromatin states are linked to cell cycle progression. Our data demonstrate that histones PTMs are transmitted with high efficiency at replication forks. This explains the observation that H3K27me3 can be transmitted through several cell generations in the absence of the enzyme (Gaydos et al. 2014) . We show that chromatin states oscillate within the cell cycle due to replication-coupled dilution of histone PTMs. Whether the drop in histone PTM levels after DNA replication affects gene expression and could provide an opportunity to modify the transcription program remains an open question (Steffen and Ringrose 2014) . We envision that it could provide a window of opportunity to rewire cell fate (Fisher and Mechali 2003; Tsubouchi et al. 2013) . By following histones from the moment of their incorporation, we found that most PTMs are not imposed on new histones in a rapid replication-coupled manner. Instead, we identified two modes for PTM transmission across the cell cycle (Fig. 5) . For H3K9me3 and H3K27me3, our data question the simple self-propagation mechanism in which PTMs on old histones are duplicated to neighboring new histones (Probst et al. 2009; Margueron and Reinberg 2010; Alabert and Groth 2012) . The establishment of these trimethylation marks is slow and continues beyond several cell generations after histone deposition. However this does not lead to dilution or loss of H3K27me3 and H3K9me3, as the total levels are maintained across cell generations by the combined methylation of both new and old histones (Fig. 3A) . The slow establishment of H3K9me3 and H3K27me3 on new histones could reflect that dimethylation-to-trimethylation conversion is not processive and Fig. S7A ). The mean of three time points is shown, with error bars indicating SD. n ≥ 3. Unpaired t-test: ( * * * * ) P < 0.0001; ( * ) P < 0.05. (B) Analysis of histone PTM levels in exponentially growing (green) and contact-inhibited (purple) primary TIG-3 fibroblasts. Mean is shown, with error bars indicating SD. n = 3. Unpaired t-test: ( * * * * ) P < 0.0001; ( * * ) P < 0.01. For an outline of the experimental design, see Supplemental Figure S7C . may require recruitment of enzyme cofactors (Alabert et al. 2014; Kalb et al. 2014) . Such a tight regulation of PTM establishment could limit unwarranted silencing, which is jeopardized in cancers carrying EZH2-activating mutations (McCabe et al. 2012 ). Evidently, it will be important to consider the kinetics of PTM restoration in current models of epigenetic inheritance (Alabert and Groth 2012; Huang et al. 2013; Campos et al. 2014) . We further envision that this mode of PTM maintenance could explain how cell cycle speed and withdrawal impact on cellular plasticity. DNA replication could be instrumental to reset epigenetic states (Tsubouchi et al. 2013) , and, by revealing how histone PTMs are maintained across the cell cycle, our findings pave the way to understanding how cellular identity and reprogramming potential are connected with cell proliferation (Guo et al. 2014 ).
Materials and methods

NCC
Cells were synchronized by thymidine in light medium and released into S phase in heavy medium for 3 h. Newly synthesized DNA was pulselabeled for 15 min with b-dUTP, and NCC was performed as described (Alabert et al. 2014) . In brief, cells were labeled with b-dUTP for 5 min in hypotonic buffer (50 mM KCl, 10 mM HEPES) and fixed 15 min later in 2% formaldehyde. Nuclei were isolated in sucrose buffer (0.3 M sucrose, 10 mM HEPES-NaOH at pH 7.9, 1% Triton X-100, 2 mM MgOAc), and chromatin was solubilized by sonication using a Bioruptor. b-dUTPlabeled chromatin was purified on streptavidin-coated magnetic beads. Total chromatin (input) and isolated nascent chromatin was decrosslinked by boiling for 40 min in LSB (50 mM Tris-HCl at pH 6.8, 100 mM DTT, 2% SDS, 8% glycerol, Bromphenol blue).
Mass spectrometry analysis of solubilized chromatin
Histone bands were separated by SDS-PAGE, stained with Coomassie (Brilliant blue G-250), and excised at appropriate heights. Bands were destained in 50% acetonitrile/50% 100 mM ammonium bicarbonate. Histones were chemically modified by propionylation (30 min at room temperature, 2.5% propionic anhydride [Sigma] in ammonium bicarbonate at pH 7.5) to prevent tryptic cleavage. Histone proteins were then digested with 200 ng of trypsin (Promega) in 50 mM ammonium bicarbonate overnight, and the supernatant was desalted by carbon TopTips (Glygen) according to the manufacturer's instructions. The peptides were injected into an Ultimate 3000 high-performance liquid chromatography (HPLC) system (LC Packings Dionex) and separated with a gradient from 5% to 60% acetonitrile in 0.1% formic acid over 40 min at 300 nL/ min on a 75-µm ID × 10-cm ReproSil-Pur C1-AQ analytical column (2.4-µm) (Dr. Maisch GmbH). The effluent from the HPLC was directly electrosprayed into the LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific). The mass spectrometry instrument was operated in the data-dependent mode to automatically switch between full-scan mass spectrometry and tandem mass spectrometry acquisition. Survey full-scan spectra (m/z 250-2000) were acquired in the Orbitrap with resolution R = 60,000 at m/z 400. For all measurements with the Orbitrap detector, three lock mass ions from ambient air (m/z = 371.10123, 445.12002, and 519.13882) were used for internal calibration as described (Olsen et al. 2005) . The six most intense peptide ions with charge states between 2 and 5 were sequentially isolated (window = 2.0 m/z) to a target value of 10,000 and fragmented in the linear ion trap by collision-induced dissociation (CID). Fragment ion spectra were recorded in the linear trap of the instrument. A dynamic exclusion time of 180 sec was applied. Typical mass spectrometric conditions were spray voltage 1.4 kV, no sheath and auxiliary gas flow, heated capillary temperature 200°C, and normalized collision energy 35% for CID in the linear ion trap. An activation Q = 0.25 and activation time of 30 msec were used. Data analysis was performed with XCalibur Qual browser software (Thermo Fisher Scientific) by using doubly and triply charged peptide masses for extracted ion chromatograms (XICs). XICs were checked manually, and values were exported to Excel for further calculations. The mass spectrometry raw data were deposited to the ProteomeXchange Consortium with the data set identifier px-submission number 37929.
Histone variants
Unique heavy and light peptides were used to identify histone variants. H3.1 and H3.3 differ in amino acids 31, 87, 89, and 90. The tryptic peptide containing amino acids 87, 89, and 90 (amino acids 84-116) is difficult to detect; therefore, the unmodified peptide comprising amino acids 27-40 was taken for quantitation of the H3.3 variant. H2A was identified by the peptide KGNYAER (amino acids 38-44), H2A.X was identified by the peptide KGHYAER (38-44), and H2A.Z was identified by the peptide HLKSR (37-41). The proportion of each canonical and variant histone is expressed as a percentage of all detected variants (H2A: H2A+H2A.X +H2A.Z; and H3: H3.1+H3.3 or the common peptide H3 41-49).
Statistical analysis
All diagrams show the mean of biological independent experiments, with error bars indicating standard deviation. For statistical analysis, unpaired t-test was performed using Prism.6. P-values are indicated by asterisks (P < 0.0001 [ * * * * ], P < 0.001 [ * * * ], P < 0.01 [ * * ], and P < 0.05 [ * ]), and n.s. indicates nonsignificant. 
